It is generally believed that industrial melanism in Lepidoptera is mainly caused by differential predation by birds. In polluted areas, melanic individuals are favoured by natural selection because they are better camouflaged than pale moths on lichen-free and sooty tree trunks. In this article, we show that, in the black arches moth (Lymantria monacha), melanic morphs have a stronger encapsulation response than pale morphs against nylon monofilament implants. This indicates that the melanic and pale morphs differ in the strength of their immune defence. The same chemical precursors and their end product, melanin pigment, are involved in the encapsulation response and in the external coloration. Thus, it seems that there may be two possible, not mutually exclusive, explanations for the frequency changes observed in the industrial melanism of moths. The dominant gene causes an increase in the amount of melanin pigment and its precursors. This increase causes two changes: an intensified immune defence as a form of improved encapsulation ability of foreign objects, and the well-known protective dark coloration (a case of relational pleiotropy). It seems possible that industrial melanism is a by-product of selection on the strength of immunity. In the field, these pleiotropic aspects are exceedingly difficult to distinguish from each other, and the factors may even be compensatory.
INTRODUCTION
Melanism is a common phenomenon in the animal kingdom, meaning that, in various populations, there are individuals that contain more melanin pigment and are therefore darker than others (e.g. Kettlewell, 1973; Majerus, 1998) . In the night-flying Lepidoptera, darkening commonly occurs as so-called industrial melanism, which is a case of genetic polymorphism. The moths that rest in the daytime in exposed positions on trunks and branches become darker as a consequence of natural selection acting through atmospheric pollution.
Typically, the frequencies of melanic individuals are higher near emission sources. In Finland, it has often been observed that melanism in certain species is a recent phenomenon, and therefore supposedly connected to atmospheric conditions. However, a recent decrease in frequency, comparable with that found in Britain and the USA in the peppered moth, Biston betularius (Clarke, Mani & Wynne, 1985; Majerus, 1998; Grant, 1999; Saccheri et al., 2008) , has been observed in Oligia moths in downtown Helsinki, Finland (Kuussaari, Mikkola & Vakkari, 1990) .
Based on the famous experiments of H. B. D. Kettlewell in the 1950s with the peppered moth (see Kettlewell, 1973) , it has traditionally been considered that melanic specimens show better crypsis on the lichen-free and sooty tree trunks of polluted areas. It has been shown by photographs and films that, in such environments, birds selectively pick out more light than dark moths from the trunks. The reverse happens in nonpolluted forest.
About 30 years after Kettlewell's field experiments, behavioural cage experiments performed with British moths in Finland (Mikkola, 1979 (Mikkola, , 1984 produced data conflicting with the experimental design of Kettlewell. The peppered moths were found mostly not to rest in the daytime in exposed positions on tree trunks. Indeed, the moths released by Kettlewell, but caught a day later after a night in which they had a chance to settle according to their own choice, did not provide evidence of differential predation, although his samples were too small to draw firm conclusions.
The peppered moth shows an innate and highly specialized behaviour to settle on branches and boughs with the body at right angles to the longitudinal axis of the branch and with the wings held broadly laterally. Uncommonly to a night-flying moth, the peppered moth has the abdomen and the hind wings protectively coloured, which is, no doubt, an evolutionary correlate to the day-resting posture. Until now, very little attention has been paid to these features that guarantee a perfect camouflage on more or less lichen-covered branches. Usually, only Kettlewell's (1973) term 'clamping down' has been mentioned by later authors (it is a kind of probing to find an appropriate resting background). The conclusion from these experiments was that the differential visual selection is expected to be less intense than that measured on tree trunks.
The observation that the peppered moth does not normally rest in the daytime on trunks, but on branches and boughs, particularly near the joint of the branch with the trunk, was soon confirmed by British workers (Howlett & Majerus, 1987; Liebert & Brakefield, 1987; Majerus, 1998) , and Majerus also suggested that there was less intense visual selection. In the study of melanism, a new era started when Coyne (2002) published a review of Majerus' (1998) book and when Hooper (2002) published a popular scientific book about Kettlewell and his studies, even suspecting Kettlewell of scientific fraud. A longlasting attack against Darwinian evolution by the school of creationists and by the proponents of so-called 'intelligent design' followed (see, for example, Wells, 2000) .
As has been well shown by the synchronous decrease in the melanism of the peppered moth in Europe and North America (see Clarke et al., 1985; Majerus, 1998; Grant, 1999) , and by parallel changes in other species (e.g. Cook & Turner, 2008) following clean air measures, their evolution is continuously under way. The questions raised by the evolutionists about the experiments of Kettlewell (1973) concern measurements of natural selection, but the process of evolution itself is not questioned. This article aims to further quantify the measurements of selection acting in industrial melanism.
Starting from Ford (1937) , proceeding through Mani (1990) and Cook (2003) and ending now with Saccheri et al. (2008) , it has been suggested that, together with the visual advantage of melanic colours, an unknown nonvisual factor other than heterozygote advantage may have promoted industrial melanism in the peppered moth. Creed, Lees & Bulmer (1980) found earlier in breeding data that melanic heterozygotes and homozygotes are fitter than typicals in some way unconnected with their appearance. The viability differences calculated were of the same order of magnitude as selective differentials exercised by predators hunting by sight. In this article, a novel hypothesis is presented about such a nonvisual factor.
Insect immunity is characterized by the inducible expression of a large array of antimicrobial peptides and by the constitutive melanization-encapsulation response. Encapsulation is an immune response through which insects defend themselves against endoparasitoid wasps and flies (Salt, 1970) , fungi, nematodes and bacteria (reviewed in Gupta, 2001) , viruses (Washburn, Kirkpatrick & Vokman, 1996) , abiotic material (e.g. Paskewitz & Riehle, 1994) and also heavy metal pollution (M. J. Rantala et al., unpubl. data; see also van Ooik, Pausio & Rantala, 2008) . In this response, haemocytes recognize an object as foreign and cause other haemocytes to aggregate and form a capsule around the object, and a cascade of biochemical reactions leads to the deposition of melanin and the hardening of the capsule (Gillespie, Kanost & Trenczek, 1997) . The enclosed intruder dies from suffocation or from the release of necrotizing compounds (Nappi et al., 1995) , and heavy metals are neutralized (M. J. Rantala et al., unpubl. data) .
Melanin is not only used in the encapsulation of parasitoids, pathogens and harmful chemicals, but in insects it also has a role in the darkening of wing patterns and sclerotization of the cuticle (Chapman, 1998; True, 2003) . Because melanin is involved in both the immune responses and the formation of wing patterns or cuticular melanization, a relationship between immunity and wing colours or cuticular melanization may be expected. In both cases, the limiting factor is tyrosine, which acts in the production of melanin (e.g. Rantala et al., 2000) . Interestingly, in Lepidoptera, the absence of correlation between different developmental stages of melaninbased coloration, such as pupal colour and wing colour (van Dyck, Matthysen & Wiklund, 1998; Windig, 1999) , suggests potential limits on melanin production. Alternatively, the earlier stages utilize the colourless phenoloxidase stage of the cascade, leading to melanin in the adults.
Previous studies on beetles (Barnes & Siva-Jothy, 2000) and grasshoppers (Wilson et al., 2002) have suggested that individuals with darker cuticular melanism have stronger immune defence. Likewise, in Calopteryx damselflies, it has been found that individuals with more melanin in their wing spots have stronger immune defence (Rantala et al., 2000; Siva-Jothy, 2000) , suggesting that the expression of both traits is condition dependent (see . Furthermore, Freitak et al. (2005) found, in the butterfly Pieris brassicae (L.), that activation of the immune system as pupae tended to cause larger and darker melanotic forewing tips as adults compared with controls, suggesting that, in Lepidoptera, wing coloration may interact with the immune system. In Spodoptera moth larvae, Wilson et al. (2001) found that melanotic individuals were more resistant than pale larvae against fungal disease and had a stronger innate immune defence.
However, in the colour polymorphic pygmy grasshopper, Tetrix undulata, Civantos, Ahnesjö & Forsman (2005) found no such correlation. Likewise, in the polymorphic mountain stone weta, Hemideina maori, Robb, Forbes & Jamieson (2003) found that cuticular melanism was not associated with a stronger immunogenic response. Thus, it seems that the association between cuticular melanism and immunity is taxon specific.
The aim of this study was to test whether melanism is associated with the strength of the encapsulation response in a species showing industrial melanism. As a model species, we used the black arches moth [Lymantria monacha (L.)].
MATERIAL AND METHODS

EXPERIMENTAL SPECIES
As the black morph (f. carbonaria) of the peppered moth [Biston betularius (L.)] does not occur in Finnish populations of the species, male specimens of the black arches moth (L. monacha, Lymantriidae; Fig. 1 ) were used for the experiments. They were collected by light in the south of Finland, at Gullö, to the south of the town of Tammisaari (59°56′N 23°23′E). Only specimens in good condition were used for scoring of the morphs and for implantations (presumably aged 0.5-2.5 days). To prevent the moths from flying, they were first tranquillized in vials chilled in a deep freezer and then preserved in a refrigerator.
From numerous photographs in the pest literature, and from our own observations (KM), it is evident that the individuals of this species frequently rest in the daytime on tree trunks. As in the peppered moth, the adults of the black arches moth do not feed. The moths are on the wing late in the summer, usually from late July to the second half of August. The eggs hibernate. The caterpillars were reared the following summer in mesh bags on spruce [Picea abies (L.) H. Karst.]. The females were induced to stick their eggs in the cracks of bark or inside strips of sponge.
The black arches moth has many naturally occurring pathogens, including a nuclear polyhedrosis virus (NPV) (e.g. Zethner, 1976) and microsporidia (Linde, Genthe & Lacker, 1998) . Furthermore, it has tachinid fly parasitoids [e.g. Aphantorhaphopsis samarensis (Villeneuve)] (see Fuester et al., 2001 ) and many wasp parasitoids (Capek, Kudler & Martinek, 1989) . In our study, the wasp Pimpla turionellae (L.) was very common (M. J. Rantala & K. Mikkola, pers. observ.) . Thus, having effective immune defences is crucial for the survival of the larvae.
In the black arches moth (L. monacha), the melanism is based on three pairs of alleles (Goldschmidt, 1921; Robinson, 1971) , but no black specimens are found in Finland. Like Majerus (1998: 59), we divided the moths into three groups, called here 'typicals', 'intermediates' and 'darks' (Fig. 1) . The melanism of the females is less intense, and usually appears as a darker median fascia of the forewing or, in extreme cases, as a darkened thorax, too (Fig. 1) .
In Finland, the black arches moth is known from the year 1899 onwards (Huldén et al., 2000) , and melanics are mentioned from the 1930s (Valle, 1937) . The moth's area of regular occurrence is the southwestern archipelago and coast; the species is scarce At the study site (unpublished observations of KM), the proportion of melanic individuals in L. monacha has increased during the last 30 years: in 1975, catching with an assembling trap (i.e. with a virgin female) produced 75 males, 13 of which were intermediates (no darks; total melanism, 17.3%); in the years 2000-05, 147 males were caught by light, and, among them, there were 49 intermediates and 10 darks (total melanism, 40.1%); from 2006 to 2008, of 177 males, 62 were intermediates and eight were darks (total melanism, 39.5%). When the samples from the 2000s are pooled, there is a highly significant change from the 1970s to the 2000s in the proportion of melanic individuals (c 2 = 14.6,
The darkening of L. monacha during the most recent decades seems to be correlated with similar developments among tens of night-flying moths (Mikkola & Vakkari, 1990 ). The exception is the noctuid moth, Oligia latruncula (D. & S.), which has turned paler, but only in downtown Helsinki, probably as a positive result of distant heating. As no clear changes can be observed in the environment, the general darkening of moths has been assigned to the long-distance pollution being carried from Central Europe, which forms more than one-half of all aerial pollution in Finland.
IMMUNE ASSAY
To measure the strength of the immune defence, a 2-mm-long piece of nylon filament, with a diameter of 0.2 mm, rubbed with sandpaper, rinsed in ethanol and knotted at one end, was inserted from the lateral direction into the thoracic haemocoel. This implant method is commonly used to measure the strength of the encapsulation response of moths and many other insects (e.g. Cotter, Kruuk & Wilson, 2004; Kapari et al., 2006; Yang, Ruuhola & Rantala, 2007) . All immune assays were made by the same person (KM). After 1 h of incubation at room temperature (+22 ± 0.5°C), the implants were removed and preserved deep frozen at -18°C.
The implants were later photographed (using a white balanced digital camera) from two directions, and the pictures were analysed (ImageJ 1.33 m, National Institute of Mental Health, Bethesda, MD, USA). The average grey value of the two pictures was used as a measure of the encapsulation rate. The data were transformed so that the darkest grey values corresponded to the highest encapsulation rate. This transformation was carried out by subtracting the observed grey values from the clear implant (see . In previous studies, the repeatability of the method has been found to be very high, ranging from 0.82 to 0.997 (Rantala et al., 2002; Rantala & Roff, 2007) . In the autumnal moth, Epirrita autumnata (Borkhausen, 1794), it has been found that the ability to encapsulate a nylon monofilament is associated with the ability to resist an entomopathogenic fungal disease, Beuveria bassiana (Rantala & Roff, 2007) , suggesting that this widely used method of measurement of the strength of immune defence in insects is a biologically valid method.
RESULTS
There was a statistically significant difference in the encapsulation response against the nylon monofilament between colour morphs of L. monacha (ANOVA: F = 4.45, d.f. = 2, P = 0.015) (Fig. 2, Table 1 ). Tukey's test revealed that the 'typicals' (N = 33) had a lower encapsulation response than the 'intermediates' (N = 32) (mean difference = -9.32; SE = 3.58; P = 0.030), and there was a statistically nearly significant tendency for the 'typicals' to have a lower encapsulation response than the 'darks' (N = 12) (mean difference = -11.18; SE = 4.869; P = 0.062), but the 'intermediates' and 'darks' did not differ from each other (mean difference = -1.86; SE = 4.889; P = 0.923). There was no difference in body mass between different colour morphs (ANOVA: F = 0.598, d.f. = 2, P = 0.552) ( Table 1) .
DISCUSSION
The frequency of the dark morphs of L. monacha has increased in recent decades in our study site, suggesting industrial melanism (cf. Kettlewell, 1973; Majerus, 1998) . The reason may be aerial pollution caused by a steel plant and other industries 10 km to the south-west, by two small towns, Hanko and Tammisaari, and by the general long-range air pollution. We have shown that melanism is associated with the strength of the immune defence in L. monacha. The melanin pigment is not produced only for external coloration, but plays an important role in the immune system. Melanin is produced from tyrosine, and the same genes may be responsible for melanin synthesis in immune defence and in coloration. Thus, selection on the immune system might also influence coloration. In our opinion, the alternative should be taken into account that industrial melanism is a by-product of selection for stronger melanin synthesis for the encapsulation response. This might explain why there are so many other night-flying lepidopteran species that show industrial melanism or, at least, single melanic specimens (cf. Kettlewell, 1973; Mikkola & Vakkari, 1990) , although many may not have the need for a similar kind of protective coloration as the peppered moth, because they probably do not rest exposed on tree trunks and branches.
There are several possible mechanisms by which selection for stronger melanin synthesis in the encapsulation response would produce a similar kind of selection to that seen in industrial melanism. For instance, van Ooik et al. (2007 van Ooik et al. ( , 2008 and Sorvari et al. (2007) found that heavy metal pollution activates the immune system in insects, and so it is possible that dark morphs do better in polluted environments, because they show elevated melanin synthesis. Melanin is converted from tyrosine, and there may be physiological trade-offs between immunity and melanism (see Rantala et al., 2000) . Many studies have shown that insect immunity, even if it is a genetic phenomenon per se, is influenced by the quality and quantity of food (Kapari et al., 2006; Yang et al., 2008) . Because tyrosine is acquired from ingested food, the food may influence the relative fitness of different morphs. However, it is possible that pollutants have effects on parasites, parasitoids and pathogens, the occurrence of which might influence the relative fitness of the different morphs of the moth. Lymantria monacha has numerous pathogens, parasites and parasitoids which might be the driving force behind industrial melanism. In our study population during the study year, about 60% of black arches moth larvae reared in one of the mesh bags were parasitized by Pimpla turionellae (L.) (Ichneumonidae), whereas, in the following year, not a single individual was parasitized, suggesting that the prevalence of parasitoids fluctuates strongly between years (M. J. Rantala & K. Mikkola, pers. observ.) .
In this study, the possible heterozygotes ('intermediates') and the possible homozygotes ('darks') show no differences in their encapsulation rate (Fig. 2) . This suggests that, in this case, the melanic gene, in contrast with coloration, shows full dominance. However, it must be taken into consideration that we had a relatively small sample size of 'darks' compared with 'intermediates'.
In earlier studies on selective advantages, the simultaneous, relationally pleiotropic play of melanin has rendered it difficult to measure the total advantage of melanics (for references, see Kettlewell, 1973) . The differences between the measured visual advantages and the observed frequencies were assigned by several authors to heterozygote advantage, but this view was denied, for example, by Mani (1990) . Ford (1937: 3) presciently forecasted the present study with the following text:
In my opinion, melanic forms have spread in industrial areas owing, primarily, to selection for characters other than colour. The action of the genes producing melanism as one of their effects may sometimes give the organism physiological advantage. That such favourable factors have not become widely established may be due to the handicap of black coloration which, in normal circumstances, would render some species very conspicuous. On the other hand, melanism, as such, may at least be no longer a drawback in the blackened countryside of many manufacturing districts, in which, furthermore, the number of predators may be reduced . . . Such a view is not without confirmation. In a number of instances it has actually been demonstrated that the melanic varieties are hardier than the normal form.
However, because of the difficulty of differentiating between the visual and the nonvisual advantage produced by melanin, a proportion of visual advantage measured by different authors may actually have been caused by immune defence. Two details in the history of declining melanism in the peppered moth fit the immune defence concept: (1) when melanism IMMUNE DEFENCE AND INDUSTRIAL MELANISM 835 started to decline, no or little change in lichen cover could be observed (Clarke et al., 1985) ; and (2) to the north-east of the north-western industrial areas of England, the proportions of melanics remained at an unexpectedly high level (Grant, 1999; Cook & Turner, 2008) . In the former case, strong defence against suspended particles would not have been any more advantageous and, in the latter case, the airborne particles would have been carried far away from the urban areas.
Moreover, Kettlewell (1973) reported that the colour polymorphism of peppered moth larvae does not correlate with that of adults. The colours are phenotypically determined by the background of each caterpillar. We assume that immune defence in the larvae and pupae takes place through the phenoloxidase cascade and is therefore not visible as melanin pigment. Melanin resulting from this cascade would be metabolically problematic in the haemolymph. It is stored in the adult in the scales, particularly in the wings. This view is supported by Freitak et al. (2005) , who found, in the butterfly Pieris brassicae, that activation of the immune system as pupae tended to cause larger and darker melanotic forewing tips as adults compared with controls. Thus, in melanic forms, ample storage of a metabolically costly pigment is available for crypsis. The protecting coloration is seemingly not a function per se, however, but a consequence of a physiological process leading to an intensified immune defence.
During evolution, the activation of immune function may have been the primary role of the melanin cascade, and the coloration would have followed later on because of the advantage of the availability of the pigment. The whole is probably a very old character in insects, as proposed by Kettlewell (1973) .
